Abstract Silicon carbide (SiC) is regarded as a semiconductor and thus characterized mainly for its electrical conductivity. However, SiC does exhibit significant electrical resistance at low ambient temperatures and represents a possible dielectric insulator. In this paper, the dielectric properties of the b-SiC nanopowders were examined by X-ray diffraction and dielectric spectroscopy within the humid Malaysian environment. Research emphasis is placed on the stable dielectric behavior of the nanopowder itself as the nanopowder phase is susceptible to hydroxyl oxidization as mentioned by the nanopowder manufacturer. The XRD results identified the presence of b-SiC peaks whereas EDX detected minor oxygen presence in the nanopowder. Dielectric permittivity response of the nanopowder pellet indicated stable Quasi-DC dielectric behavior from 30 to 400°C with minor increments of the initial relative dielectric permittivity at the lower temperatures. The relative dielectric permittivity of the SiC nanoparticles was determined to be 44 (30°C) to 31 (400°C) at 1 MHz. Arrhenius plot of the dielectric data resulted in a two linear energy activation plots due to possible hopping mechanisms within the SiC nanoparticles covalent structure. Overall, the b-SiC nanopowder exhibited a stable Quasi-DC behavior at the measured temperatures.
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Introduction
Covalently bonded materials have been cited to have excellent mechanical strength and high melting temperatures [1] . The common covalent materials synthetically produced and used are silicon carbide (SiC), silicon nitride (Si 3 N 4 ), boron carbide (BC) and several others which are mostly non-oxides. Consisting of shared electron pairs between the elemental constituents of the material, it is logical that the resulting covalent bonds in SiC exhibit neither a conducting metallic nor ionic properties in an electric field. This effect is reflected in the impedance spectroscopy data of a-SiC [2] , boron nitride/silicon nitride ceramics [3] and carbon nitride [4] . This makes the covalent materials an ideal selection for high-k dielectrics [5] , low k dielectric films [6] or humidity sensor [4, 7] technology purposes. For the SiC material, the literature and the present work have placed an emphasis on the material suitability for useful dielectric properties within a wide frequency range. The dielectric constant of a SiC single crystal was determined to be 10.2 at 100 kHz [8] . The static dielectric constants of cubic phase SiC (also known as b-SiC) along three different axes were measured to be 9.72 (parallel) and 9.66 (perpendicular) [9] . Although given these low dielectric values, SiC fibers do show application potentials with a dielectric constant around 10 4 at 100 kHz and 400 at 1 GHz [10] . An intimate combination of SiC nanopowders with carbon and nitrogen particles has been explored and shown to yield dielectric constants of 46-28 at 8.2-12.4 GHz respectively for pure Si\C\N powders [11] . On the other hand, embedded nanopowders in paraffin wax have low dielectric constants, reported to be 5.7-6.3 for Si/C/N and 1.9-2.0 for pure SiC powders within the same measurement-frequency region [11] .
Recent literature has pointed to SiC as a suitable material for dielectric applications in the microwave region due to its low dielectric loss and stable dielectric permittivity in a range of operating microwave frequencies [12] . Additives such as aluminum oxide [13] , boron nanoparticles [14] Silicon/Boron/Nitrogen mix [11] and carbon fiber/boron nanopowder mix [15] have been used to further enhance the SiC property in this application. However, these papers tend to focus on the dielectric property as separate components, far removed from the continuity of the material's dielectric relaxation from the low frequency to the microwave region of electromagnetic excitation. Hence, instead of separating them as special dielectric materials, we should look at the materials as having a transition from being a semiconductor to being a dielectric as they traverse such a wide frequency region.
SiC literature reports have emphasized its excellent electrical conductivity in low frequency dielectric measurements. Its conducting property has been tested after its passage via irradiation method [16] , liquid phased sintering [17] , nano-wire formation [18] etc. However, other papers have focused on the deterioration of the electrical resistance of SiC nanopowders [19, 20] whereby the resistance of the SiC matrix changes with the addition of filler additives such as alumina, aluminum nitride or yttrium oxide. These papers demonstrated that both a-and b-SiC phases can be characterized by a 2 point electrical resistance measurement, which indicates an opportunity for frequency based dielectric characterization.
This report addresses the problem of understanding the nanoparticles' permittivity response to test temperatures while its values are maintained to be frequency-stable. We hope to accurately describe and explain the dielectric response of the SiC nanoparticles especially in relation to their utilization/application as microwave dielectrics.
Methodology
1 kg of b-Silicon Carbide (b-SiC) nanopowders was procured from US-nanopowder LLC (Purity: 99 %?, size \80 nm, structure: cubic) [21] . According to the manufacturer, the SiC nanoparticles were synthesized using the Plasma CVD method. Commercial SiC nanoparticles are used because of their particle-size uniformity and reproducibility of their elemental and dielectric measurements. The SiC nanoparticles were washed and filtered with diluted HCl to remove foreign particulates. After drying, the powders were blended in acetone for 24 h at 800 rpm at room temperature for powder homogeneity. After drying in air, 1.650 g of nanopowder was then pressed into 20 mmdiameter pellets with a 5 ton-pressure force. Final dimensions of the pellet used for dielectric measurement were 20.09 mm (average diameter) and 3.34 mm (average thickness). A sintering process was omitted and the nanopowder was characterized directly. XRD spectroscopy was carried out on the raw powder using a Philips PAnalytical PW 3040 XRD system. The raw powders were coated with gold for 45 s using a sputter coater prior to FESEM/EDX tests. FESEM and EDX (FESEM-EDX) measurements were also conducted on the raw powders with a FEI Nova NanoSem 230 with Oxford Instruments 20 mm 2 X-Max EDS unit attached. A second Energy Dispersive X-Ray Fluorescence (EDX-XRF) was conducted on a Shimadzu EDX-720 Energy Dispersive X-ray Fluorescence Spectrometer. The dielectric measurements on the pellets were obtained using an Agilent 4294A Impedance Analyzer with a frequency range of 40 Hz to 1 MHz while the pellets were being heated by an attached LT furnace to set the measurement temperature from 30 to 400°C.
Experimental results

X-ray diffraction (XRD)
In Fig. 1 , we present the XRD diffractogram of the b-SiC nanopowder. The XRD was carried out on a powder, not a pellet specimen to avoid having to correct for any stress/ strain effect arising from pelletization. Referring to peak matches in Fig. 1 , five peaks were matched to a Moissanite-3C, syn configuration with the PDF-2 reference code 00-029-1129. The five peaks were 35.6°{111}, 41.4°{200}, 60.0°{220}, 71.8°{311} and 75.5°{222} with a 0.2 2h error. Moissabite-3C is a natural mineral analogue for silicon carbide. One additional peak was determined not to be from the SiC reference. However, it is suggested that SiC (220) SiC (311) SiC (220) SiC (200) SiC (111) Intensity/a.u 2θ/°F ig. 1 XRD Spectrum data of b-SiC nanopowder. SiC peaks are labeled with corresponding hkl planes this peak might correspond to a silica form impurity matched as cristobalite at 77.5°{530}. This might be possibly due to the reactivity of the b-SiC nanopowders in a high humidity environment, where the ambient atmosphere has a high humidity. The humidity condition might introduce additional oxygen reaction within the b-SiC nanopowders. However, at this stage additional information regarding other impurities is required to confirm this impurity hypothesis.
Field emission scanning electron microscopy (FESEM)
To ascertain that the b-SiC nanopowder particle sizes were indeed below the 80 nm threshold, the powders were sent for FESEM microscopy. Four sets of images were taken of the b-SiC nanopowders and used for the confirmation of powder size and morphology. The best image was presented in Fig. 2 , which shows an image of the nanopowder spread on a carbon tape. Three different lengths are indicated on the image, namely, 59 , 61.8 and 89.3 nm. The image reveals clusters of b-SiC nanopowders with a radial circumference well below the 80 nm limit, with varying lengths.
Energy dispersive X-ray fluorescence analysis (EDX-XRF) analysis comparison
In Fig. 3 , elemental analysis of the SiC nanopowder was carried out using two instruments: FESEM-EDX and EDX-XRF. The data in Fig. 3 represents the weight % of the elements detected in both instruments. From the figure, both instruments detected silicon as the primary element in the SiC nanopowder (19.4 % in FESEM-EDX system and 96.8 % in EDX-XRF system). However, the secondary element detected differed as the FESEM-EDX yielded carbon (at 40.97 %) whereas the EDX-XRF methodology showed the presence of iron (at 1.542 %). No carbon was detected at all in the EDX-XRF data, which might be due to the detection limit of the instrument itself. The FESEM-EDX method also yielded gold and oxygen as the detected impurities. Gold presence was due to the gold layer from the sputtering process necessary for the FESEM-EDX sampling methodology. The oxygen detected strongly suggests that the oxidization activity on the SiC nanopowder in high humidity environment did occur as the manufacturer warns against water exposure [21] . The authors do suspect that partial detection of the background carbon tape (used in fixing the SiC nanopowders to the sample plate) also resulted in more than the 1:1 silicon to carbon ratios detected in the EDX-XRF instrument.
Dielectric properties
The b-SiC nanopowders were subjected to dielectric measurement from room temperature to 400°C. The response was recorded as in Fig. 4a where relative dielectric permittivity (e r ') overlapped over a significant frequency range. The 30 and 50°C temperature points have a high initial e r ' at 40 Hz with a sharp descent before reaching a small plateau at 1 kHz (indicated as A in Fig. 4a ). Another dielectric relaxation occurs at 10 kHz which continues until the 1 MHz point (marked as B). Higher operating temperatures diminish the initial e r ' values, lowering it until a flat trend is reached at 150°C (marked as C). This flat e r ' behavior is maintained until 350°C where it starts to increase slightly. However, Fig. 4a itself does not indicate a Quasi-DC behavior without investigating both the relative dielectric permittivity and loss on the same graph. Figure 4b shows the variation of the relative permittivity components of the bSiC nanopowder under several fixed temperatures. All of the graphs have an overlapping X pattern between the permittivity and loss data lines. This X indicates the Quasi-DC behavior of the semiconductor materials and in b-SiC nanopowders; this behavior persists from 30 to 400°C. The noticeable differences are the shifting of the X position and parallel lines at 1 MHz frequency.
To understand the shifting changes in the dielectric polarization in the SiC nanoparticles, the changes in the dielectric permittivity is plotted against the temperature at different frequencies (Fig. 5) . The frequencies were chosen to highlight the possible interfacial and dipolar polarization occurring within the SiC structure. The data presents the sharp change between the 1, 10 and 100 kHz dielectrictemperature response. In the 1 and 10 kHz data, the dielectric behavior is caused by an initial drop pattern between 50 and 100°C followed by gradual increment from 150°C to 400°C. This frequency region represents the interfacial polarization developing between the SIC nanoparticles. The 10 kHz and 1 MHz dielectric response has suppressed dielectric polarization behavior with different polarization intervals, Close examination this data in detail as illustrated in Fig. 5 , the patterns describe three possible dipolar polarizations, A (30-100°C), B (150-250°C)and C (300-400°C). This 1 MHz represents the e ? of the dielectric response and therefore reflects a stable dipole polarization of the material under test. The overall 1 MHz response occurs within the 30 to permittivity range of 45 units. The SiC nanoparticles' permittivity exhibited an initial height of 44 units before dropping off to 36 units at 50°C. The second incline and drop occurs at 100°C (35 units) to 200°C (38 units) region. The last incline and drop happens at 250°C (31 units) to 350°C (37 units) regions. The repeated inclines and drops do suggest a polarization mechanism governed by the covalent bonds of the Si-C atoms within the SiC nanoparticles. The detected cristobalite SiO 2 contamination is low and therefore its effects would be minimal in the overall polarization mechanism. The three declines suggests that the dipole polarization resulting from the covalent bonds might encompass more the simple electron hopping mechanism from the conduction-valence band gap theory.
Conventional band gap theory stipulates that the electron hopping mechanism is a result of temperature excitation within the structural bonds of the SiC nanoparticles. In an effort to identify the potential activation energy within the SiC polarization (which would prove the temperature determinant response), the intercept points of the e' and e'' lines from Fig. 4b were plotted against 1/T. Figure 6 gives the resultant plot which did not result in a linear Arrheniusform representation commonly used in calculating activation energy. Instead, the plot showed two maxima occurring at 50 and 300°C, which were then fitted as two straight lines noted at A and B. The non-linear curve suggests that the polarization mechanism within the SiC nanoparticles is temperature dependent (Arrhenius activation energy), but this point is debatable if the electron hopping mechanism is dependent on electron exchange between the valence-conduction band as the SiC nanoparticles has not exhibited changes in atomic/ionic transition or diffusion between SiC nanoparticles to warrant the subsequent activation energies. Rather, the two different straight lines could indicate that the temperature data changes could possibly induced internal long-range and short-range electron hopping mechanism in SiC that is governed by the covalent pair bonds.
Discussion
The XRD data of the SiC nanoparticles has been shown to be consisting of SiC with a minor unidentified peak, which might be a possible silicon oxide phase material. However, elemental analysis with the FESEM-EDX has yielded results consisting of carbon, silicon, oxygen and gold. Discounting the gold presence as the contribution of the gold coating necessary for the FESEM-EDX procedure, the correct combination of elements are carbon, silicon and oxygen. These materials combination does support a possible silicon oxide contribution even though it may be minute. Looking from the dielectric data obtained within the 40 Hz to 1 MHz region, the SiC nanoparticles have exhibited a Quasi-DC like behavior with a variation in the low frequency dielectric excitation changing from 30 to 400°C [22] . Measuring the dimensions of the pellet after the dielectric evaluation showed increase in average pellet diameter from 20.09 to 20.18 mm and average pellet thickness from 3.33 to 3.34 mm. The high frequency region tends to have the same behavior of dielectric relaxation in the same temperature range. This means that the Quasi-DC like behavior is maintained throughout the temperature region and is most likely caused by a possible Maxwell-Wagner mechanism between subsequent SiC unit cells in the pellet. This behavior is not exclusive to this frequency region as similar behavior could also be detected in the 8.2 -1 2.4 GHz frequency region [23] .
In the b-SiC, the silicon-carbon atomic configuration is maintained in a tetrahedral framework where the silicon achieves an octet electron configuration by a covalent bonding with four carbon electrons. This tetrahedral arrangement also contributes to the 'ABC-ABC' stacks within the 3C-SiC unit cell. Introducing electrons into the system via dielectric polarization will allow an electron displacement in the tetrahedral SiC structure via short range electron hopping from a Si-C atomic orbital in the C sp2 electron bonds to another Si-C orbital. The Quasi DC response in the low frequency is valid and forms a continuity bridge between the low and high frequency region reported by Chauvet et al. [24] . The SiC behavior uses both Maxwell-Wagner mechanism at low frequency and the Dyre random barrier model contributed by the electron hopping mechanism at the microwave frequency. The latter is responsible for the higher permittivity to loss ratio in the microwave region.
Conclusion
The properties of a sample of commercial b-SiC nanoparticles have been identified and measured. The XRD pattern of the nanopowder has been identified as Moissanite-3C (ICDD reference code: 00-029-1129), which is a natural state of the 3C-SiC material. The FESEM-EDX measurement gives a better elemental determination of the carbon, silicon and oxygen than the rapid EDX-XRF technique, with a smaller error and higher sensitivity. Dielectric measurements in the tested frequency range demonstrated Quasi-DC dielectric relaxation with a variable low frequency dielectric permittivity gradient. The gradient is prevalent in the 30-100°C temperature range before being suppressed in the higher temperature regions. The Arrhenius energy activation plots demonstrated two temperature dependent states which could indicate possible long-range and short-range electron hopping mechanisms within the tetrahedral silicon-carbon framework. 
